[ 1997] observed a positive correlation between NO3 and peroxy radicals measured at night at the coastal observatory in Weybourne on the east coast of England. NO3 reactions, particularly that with DMS, were again concluded to be the major routes to peroxy-radical formation in the nighttime.
Conversely, Hu and Stedman [ 1995] suggested that reactions of ozone with alkenes were largely responsible for peroxy radicals observed at night in Denver, Colorado, in the summer of 1993, although no NOx or HC measurements were undertaken in this study. Paulson and Orlando [ 1996] used data from the ROSE experiment to model the potential importance of the reactions of 03 with alkenes as radical sources both during the day and at night at a rural site. More recently, Kanaya et al. [1999] observed -3 pptv of HO2 at night at Oki Island, Japan, and suggested that ozone reactions with alkenes were more important for peroxyradical production than NO3 reactions. A recent modeling study by Ariya In this paper, we report a substantial set of simultaneous observations of peroxy radicals and NO3 made at the Mace Head Atmospheric Research Station on the Atlantic coast of Ireland. These data, together with a comprehensive suite of hydrocarbon (HC), ozone, and ancillary measurements, are used to assess the relative importance of NO3 and 03 in the nighttime oxidation of HCs and production of peroxy radicals in the marine boundary layer. was fairly uniform, with a mean value of 6.7 g kg -• and a standard deviation of only 0.1 g kg '• (<2%). It is likely therefore that any measurement error due to the CLN-humidity effect would be systematically present throughout the data set used in the present work. For a 1 hour average the detection limit of the PERCA instrument varied between 0.6 and 1.0 pptv, depending on the CLN (measured periodically throughout the campaign) and the stability of the background NO2 signal. The instrument accuracy (neglecting the humidity effect) was estimated to be +30%, with a precision of 15% .
Experiment

Measurement Techniques
In addition to the PERCA measurements, OH and HO2 were measured sequentially on two nights using the FAGE technique, with the instrument described and characterized by Creasey et al. The nitrate radical (NO3) was measured using the DOAS technique, as described by Allan et al. [1999, 2000] , with a mean lc• uncertainty of +15% (1 hour average). Hydrocarbons (HCs), formaldehyde (HCHO), and dimethyl sulfide (DMS) were measured by in situ gas chromatographic techniques, as described by Lewis et al. [ 1996, 1997, 1999] and Grenfell et al. [ 1999] , with 1 c• uncertainties of +5-10% (1 hour average), depending on mixing ratio. Ozone measurements were made using a commercial UV ()• = 254 nm) spectrometer, as described by Derwent et al. [1994] , with an estimated accuracy of +5%. NOx was measured using commercial CRANOX (Ecophysics) instrumentation, as described by or more minutes' worth of data (75 + %) within that sector for a given hour. Hours in which there was no dominant sector by this criterion were rejected. The hourly averaged data points were then used to derive averaged nighttime profiles over the whole campaign for each wind sector. In this work, the nighttime period is defined using the criterion of nonzero [NO3], and hence usually extends from 1900 to 0600. This criterion was chosen in preference to a strict definition based on solar zenith angles reaching 85 ø or 90 ø because the possible sources of peroxy radicals in the early morning and late evening are also generally poorly understood. Table 1 shows the average nighttime mixing ratios of selected species during EASE 97 by wind sector derived using this method. 
Modeling
Two modeling studies were performed in support of the experimental data analysis in the course of this work. First, a simple zero-dimensional analysis of nighttime peroxy-radical lifetimes was performed for the average conditions observed in each wind sector, using the reaction scheme shown in Table 3 
Figures in parentheses are 1 o values.
Measurements were made using the PERCA technique.
Measurements were made using the FAGE technique: two nights only. ( . As a result of this "delayed" maximum in photochemical activity, the peroxy-radical mixing ratios were still relatively high in the late afternoon (Figure 4b ). After dropping off rapidly between 1600 and 1900 hours, the peroxy-radical mixing ratios stabilized, even increased slightly, between 1900 and 2200 hours, and then decreased only slowly through the night, at a mean rate of-•0.5 pptv h 4 (from Figure 4b) . The average modeled peroxy-radical lifetimes at night for the SE sector were 5.4 min for HO2 (range 2.0-11.5 min, depending on HO2/CH302 ratio) and 3.0 (2.9-3.0) min for CH302. In the absence of nighttime production of peroxy radicals, therefore, significant mixing ratios of peroxy radicals could not be maintained throughout the night under these conditions, but would rapidly fall below the detection limit of the PERCA instrument. The combination of the sustained peroxy-radical mixing ratios measured and the calculated lifetimes can be taken as evidence that the peroxy radicals observed during the night were not simply those remaining from daytime photochemistry.
In contrast, Figure 5 shows the analogous plots for the westerly wind sector. Figure 5a shows the full diel cycle for peroxy radicals and j(NO2), where the approximately symmetrical rise and fall of peroxy radicals about the solar maximum may be clearly observed. Figure 5b shows the composite nighttime profile obtained for this sector. Note first that the general peroxy-and nitrateradical mixing ratios were substantially lower than for the SE sector (see also Table 1 ). The mean nighttime ozone mixing ratio was also significantly lower. These results are not surprising given the likely mid-Atlantic origin of the air masses sampled, where NO,, Table 4 are the mean peroxy-radical decay rates observed from the five sets of experimental data. It is worth noting that the lowest modeled lifetimes were observed in the SE sector, where [NOx] was highest. The CH302 lifetimes for the three "westerly" sectors (SW, westerly, and NW) were all quite similar, at around 12-18 min. Setting NO to zero in the lifetime models generally left the HO2 lifetimes relatively unchanged, but greatly increased the CH302 lifetimes (Table 4 ). This was due to the relatively slow self-reaction of CH302, as well as the fact that HO 2 is also destroyed by reaction with ozone (reaction (R7)).
Also included in
Nevertheless, the CH302 •/e lifetimes were still all less than 3 hours (Table 4) In summary, slow net decay of peroxy-radical mixing ratios was observed during the night for the whole data set classified by wind sector: the observed decay rates (Table 4 ) imply •/e lifetimes of 34.7, 6.6, 11.4, 16.1, and 5.9 hours (mean 14.9 hours) for peroxy radicals in the five wind sectors NE, SE, SW, westerly, and NW, respectively. Conversely, the modeled peroxy-radical •/e lifetimes using average measured [NO], which take into account all the known loss reactions for peroxy radicals, were less than 1 hour for all wind sectors. Even with [NO] set to zero, the average HO2 lifetimes were only 8.0-22.6 min, while the average CH302 lifetimes were all <3 hours. In the absence of peroxy-radical production at night, therefore, the peroxy-radical mixing ratios would fall below the detection limit of the PERCA instrument in the course of the night. This shows that the peroxy radicals observed at night during EASE 97 were not simply those remaining from daytime photochemistry. It may be inferred, therefore, that peroxy radicals were produced in significant mixing ratios at night during EASE 97. Table 5 gives the total mean rates (and 1 • uncertainties) for the two sets of reactions, (1) NO3 and (2) 03 with alkenes at night during EASE 97, averaged by wind sector, and the mean percentage contribution of ozone reactions to alkene oxidation. Table 5 shows that the ozone reactions dominated the nighttime oxidation of alkenes over the whole data set (average contribution -80%). Table 5 it can also be seen that total oxidation rates were higher for the NE and SE sectors than for the westerly, SW, and NW sectors. This would be expected, given the generally lower NOx and HC mixing ratios in the "westerly" air masses at Mace Head. This trend is in qualitative agreement with the peroxy-radical mixing ratios observed in the five wind sectors (Table 1 ).
FAGE HO2 and OH
Table 5 also shows that the mean rate through the NO3+DMS reaction was comparable to the mean total rate through the reac- of the total HC oxidation at night in the NE, S E, SW, westerly, and NW wind sectors, respectively. It is also interesting to compare the rate through the NO3+CH4 and NO3+HCHO reactions with the total rate through the NO3+HC reactions. The methane reaction (see Table 5 ) is seen to have been insignificant in the NE and SE sectors, but represented up to 11% of the NO3+HC oxidation rate in the three "westerly" sectors, where mixing ratios of HCs other than DMS were generally lower. The NO3 reaction with }tCHO (not shown in Table 5 ) was found to be relatively unimportant in all sectors, with a maximum rate of only 9.1x102 molecules cm '3 s -• (SE sector).
In order to assess the relative peroxy-radical production from NO3 and 03 reactions with alkenes, it is necessary to consider the 
where P denotes the rate of production of radicals. The only exception to this is the NO3 reaction with DMS, which yields the CH3SCH202 peroxy radical initially. However, this species is not Table 6 shows the OH yields measured by various workers for the alkenes measured in EASE 97; the average values have been used in this study. Also included in Table 6 are the rate coefficients used for the reactions and their source. Since OH produces a second peroxy radical on reaction with the most abundant trace species, CO and CH 4 (as well as NMHCs), the effective peroxy-radical yield is estimated to be twice the OH yield for each alkene; that is, NMHCs were not included in this simple analysis. Equation (5) was then used to estimate a lower limit for the fraction of OH (Table 6 ). Since there is a range of OH yields reported in the literature, the uncertainty in OH yield for each ozone-alkene reaction was estimated to be the standard deviation of the measured values given in Table 6 . For the pentenes, where only one value of the OH yield has been reported, the mean uncertainty for the other alkenes was used (18%). The uncertainty limits do not encompass possible errors due to the neglect of other OH, HO2, and RO2 formation routes. In the SE sector the 03 reactions appeared to dominate peroxy-radical production through most of the night, although the NO3 rate was of a similar magnitude around midnight (hour 6 of the night). The NO3 + CH4 reaction rate (not included in Figure 9 ) was found to be insignificant in this sector (Table 5 ). The situation in the westerly sector was more complex. The high production from ozone reactions at the beginning of the composite night is because of high ozone mixing ratios on one particular night (day of year 137): the low level of chemical activity during the latter part of the night would appear to be more characteristic of clean air masses off the mid-Atlantic. Interestingly, for this sector a much higher relative contribution of NO3 chemistry is observed, particularly when the NO3 + CH4 reaction is also considered. This is reflected in Table 5 , where the westerly sector shows the highest contribution of NO3 to HC oxidation over the whole night. Figure 10 summarizes the estimated mean peroxy-radical production rates for the five wind sectors. The error bars in Figure 10 represent mean 1• uncertainties in the production rates for the whole data set (19% for the ozone reactions; 25% for the nitrateradical reactions). The total O3+alkene reaction rates are included for comparison with those using the projected RO2 yields for each reaction. The NO3 data include the reaction with methane, which was found to be important in the westerly, SW, and NW sectors. In terms of primary production from HC oxidation, it is clear that the ozone reactions predominated as sources of OH and the major peroxy radicals HO2 and CH302 during this period. The main qualitative difference observed in raising the NO level from 0 to 10 pptv was found to be the increased recycling of HO2 to OH. This in turn increased the relative contribution of the OH+CH4 reaction to CH302 formation. The relative contributions to HO2 formation were largely unchanged. In quantitative terms, the overall formation rates of the three radicals increased markedly for increased NO, but this was largely due to increased cycling between the three radical species; the primary formation routes were unaffected by the NO level. This was to be expected, since NO does not participate in the radical formation reactions. In order to assess the relative contributions of ozone and NO3 reactions to the peroxy-radical signal observed at night during EASE 97, reaction rate calculations were performed in two stages.
First, the total reaction rates were calculated for each mechanism. This showed that the ozone-initiated oxidation routes of HCs outweighed those of NO3 in the NE, SE, and NW sectors. However, in the SW sector the two mechanisms operated at similar rates on average, and oxidation by NO3 was the dominant route in the westerly sector. The oxidation of alkenes at night by ozone was greater by a factor of 4 than that by NO3 over the whole data set.
Next, peroxy-radical formation rates were estimated from both mechanisms (Figures 1 and 2) . In the NO3 case it was assumed that one RO2 was formed from each NO3 + alkene reaction [Wayne et al., 1991]. The NO 3 + CH 4 and NO3 + HCHO reactions were also considered, but not that with DMS, since the main product of this reaction is CH3SCH202, which is not believed to be detectable by the PERCA technique. In the 03 case, literature values of OH (and inferred RO2) yields were used to estimate total RO2 production. The calculations showed that ozone reactions produced more peroxy radicals over the whole night period (defined as where [NO3] :/: 0) than nitrate reactions (66 versus 34% on average). However, the two mechanisms were found to operate at a similar rate in the middle of the night, when [NO3] was highest. The main importance of these results is perhaps that there was a significant contribution from both mechanisms (Figure 12 
